ABSTRACT
INTRODUCTION
The development of tomographic imaging technologies has made dramatic progress in recent decades. Among the modern medical imaging systems, positron emission tomography (PET) and magnetic resonance imaging (MRI) have greatly contributed to understanding normal and abnormal brain functions and evaluating various neurological disorders (1 -4) . Although PET is the most sensitive medical imaging device, providing both functional and biochemical information, it has limited spatial resolution, signal to noise ratio, and anatomical information. Conversely, MRI offers detailed anatomical information about the brain along with excellent soft tissue contrast and various types of hemodynamic information (i.e., perfusion and diffusion). Accordingly, the combination of PET and MRI can provide a "one-stop shop" for clinical examination and new methodology for exploring the brain with multiparametric and complementary imaging information (5, 6 ).
In addition, fully integrated PET/MRI scanners based on semi-conductor photosensors, such as avalanche photodiodes and silicon photomultipliers allow the simultaneous acquisition of both image data sets, which possess several distinct advantages over the sequential scan in conventional PET/CT examinations (7) (8) (9) (10) (11) . Accurate spatiotemporal correlation of PET/MRI signals permits the studies to demonstrate the relationship between neurotransmitter release and hemodynamic change in the brain under various pathologic and pharmacological circumstances. Head motion correction of PET images using the motion information derived from the rapidly acquired time series of MR images is another by on . For personal use only. jnm.snmjournals.org Downloaded from advantage of simultaneous PET/MRI scans. Moreover, the MRI-based extraction of arterial input function for PET kinetic analysis and partial volume correction of PET has become easier to do and more accurate (5, 6, 9, (12) (13) (14) .
However, the accuracy of attenuation correction of brain PET in PET/MRI studies is still questionable. Because the MRI signal is not directly related to the photon attenuation, PET attenuation correction in PET/MRI relies on MRI segmentation, population-based standard templates, and/or joint activity and attenuation estimation (15) (16) (17) (18) . The template-based method is robust, but has limitations in accommodating the wide interindividual anatomical variability in patients' brains (19) (20) (21) (22) . The MRI segmentation-based method using a twopoint Dixon sequence does not provide the bone segment, leading to the underestimation of uptake around the bone (23) (24) (25) (26) (27) . Although the reconstruction algorithms for the joint estimation of activity and attenuation have great potential, the PET timing resolution that determines the accuracy of these algorithms is not good enough in current PET/MRI scanners (28) (29) (30) .
The MRI-based attenuation correction (MR-AC) using ultrashort echo time (UTE) MRI sequence derives the bone segment based on the difference between two MR images obtained at different echo times (ultrashort and typical times) (31, 32) . Thus the most widely used clinical PET/MRI system (Biograph mMR from Siemens Healthcare) offers the UTEbased MR-AC along with the Dixon-based one for brain PET/MRI studies. However, the initial versions of the UTE sequence (i.e., mMR software version VB18P) yielded frequent segmentation errors at the boundary between soft tissue, bone and air, as well as by on November 7, 2016. For personal use only. jnm.snmjournals.org Downloaded from 5 misclassification of the ventricle as air (33) (34) (35) . Although a recent upgrade of the software from VB18P to VB20P offers more reliable attenuation maps than before, significant segmentation errors in the regions around the inferior part of the brain (i.e., sinus and lower skull structures) still exist. Moreover, considerable quantification errors because of the inaccurate UTE MR-AC have been reported in several articles (33) (34) (35) .
Here, we propose an advanced UTE MR-AC method that is based on a multiphase levelset algorithm (36) (37) (38) to provide more accurate attenuation maps than those currently used 
MATERIALS AND METHODS

Patient Population
We evaluated our new MR-AC method using two different brain PET data sets. One of them was the [ Four more PET studies have been added since the publication of the previous study, thus a total of 20 patients (11 men, 9 women, mean age: 59.6 ± 9.1 y, age range: 54-71 y) were enrolled in this study. The other was [ 
MR-Based Attenuation Map Using Level-Set Algorithm
The T2 relaxation time of protons in bone tissue is much faster than in other tissues. Thus, bone tissues with short T2 can be distinguished from soft tissue by taking the subtraction or division between the first ultrashort TE image (UTE1) and the second longer TE image (UTE2). However, these images, especially UTE2, are sensitive to off-resonance effects because of B0 inhomogeneity and susceptibility, causing inhomogeneity artifacts that make accurate image segmentation difficult (39) . Thus, we generated UTE MR-based attenuation map based on a level-set algorithm in which the intensity inhomogeneity correction was incorporated. These procedures were performed using in-house-developed code written in Matlab (R2014a; MathWorks, Natick, MA).
Level-set algorithm. Two-phase level-set segmentation based on the Chan and Vese multiphase model was applied to both the UTE1 and UTE2, in which two level-set functions were evolved simultaneously (37) . Local intensity clustering properties as well as regionbased information were taken into account as proposed by Li et al. to unify the segmentation and inhomogeneity correction within a single evolving framework (38) . indicates that the binary image is generated with inhomogeneity correction).
Generation of attenuation map. The procedure for generating the attenuation map is similar to Keereman's scheme (31) . However, the accuracy of segmentation of each region was improved by the level-set method.
The soft tissue map was obtained by applying a hole-filling operation to the U 1 L 1 that encloses almost all of the structures in the head. Air has a negligibly low signal in both UTE images. Thus, we obtained an air map by multiplying ~U 1 L 1 and ~U 2 L 1 ( Fig. 1) . To generate the bone map, we started from the initial bone map generated by applying a threshold to the difference image (dUTE) between UTE1 and UTE2 (Fig. 2) . The threshold was empirically determined and 50% of the mean intensity of dUTE pixels >10. This initial bone map was then masked by the morphologically eroded soft tissue map to correct for the misclassified voxels around the outer boundary of the skull with air. To further trim out the remaining misclassified soft tissue as bone in the dUTE image, we applied an additional mask generated by multiplying U 2 L 1C and ~U 2 L 2C ( Figs. 1 and 2) .
Finally, we added the bone segment to the initial attenuation map, and assigned the attenuation coefficients for soft tissue and bone (0.1 cm −1 and 0.151 cm −1 ). The computing time for generation of attenuation map using level-set method was approximately 5 min when this method was implemented using Matlab code (ver. R2014a) and executed in personal computer with Intel Core i5-2500 Processor (3.3 GHz).
Image Processing and Reconstruction
Reconstructed PET images were generated from emission data in the PET/CT studies using three different attenuation maps. The first one was the MR-based attenuation map that is offered by the Biograph mMR software (MR-AC mMR map). The second one was the MR-based attenuation map generated using the proposed multiphase level-set method (MR-AC level map). The last one was the CT-based attenuation map conventionally used in PET/CT studies, which was converted from the CT images to 511 keV attenuation coefficients using a bilinear transformation (CT-AC map).
For each participant, two MR-based attenuation maps were coregistered and resliced to the CT-AC map using the Statistical Parametric Mapping (SPM8; University of College London, UK) software through the co-registration of T1 3D MRI to CT. The PET/CT head holder was visible in the CT-AC map, whereas the UTE images were without the head holder.
Therefore, the head holder shown in CT image was extracted using a region growing segmentation algorithm and added to the MR-based attenuation maps to allow a fair comparison. All PET images were reconstructed using OP-OSEM (subset = 14, iteration = 3) algorithm through e7tool from Siemens Healthcare. Following reconstruction, all PET data were spatially normalized to the SPM standard MRI T1 template to eliminate intersubject anatomic variability. The overall image processing steps are summarized in Supplemental 
Image Analysis
The quantitative accuracies of the two MR-AC methods relative to CT-AC were compared using the similarity measurements of attenuation maps and absolute and relative differences between PET images.
The accuracy of the attenuation maps were evaluated using Dice similarity coefficients For the voxel-wise comparison, all the PET images were spatially normalized as shown in Supplemental Fig. 2 , mean PET images of MR-AC and CT-AC were generated and their absolute and relative difference maps were generated.
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RESULTS
The results of CT-AC, MR-AC mMR and MR-AC level applied to the same emission data acquired using PET/CT machines are compared in Figures 3 and 4 (Fig. 3 for [ 18 F]FP-CIT PET with VB18P mMR software, Fig. 4 for [ 18 F]FDG PET and VB20P). The MR-AC mMR map gave larger air cavities than CT regardless of the version of mMR software. The bone tissue in the MR-AC mMR map was underestimated in VB18P (Fig. 3B) and overestimated in VB20P (Fig. 4B) . On The Dice similarity coefficients between MR-AC maps and CT-AC map were summarized in (Fig. 5A) . The percent difference was most remarkable in cerebellum, leading to the overestimation of SUVr which was highest in putamen (Fig. 5B) . Conversely, the percent difference of [ (Fig. 6, Supplemental Figs. 7-9 ). Figure 7 show that there was a remarkable difference in almost every brain regions in the voxel-wise comparison between MR-AC mMR and CT-AC. On the contrary the difference between MR-AC level and CT-AC was limited to the brain cortex. In both methods, outer boundary of brain cortex which is vulnerable to the brain size mismatch and registration error between CT and MRI and errors in skull segmentation showed largest differences.
DISCUSSION
In this study, we developed a new UTE MR-AC map based on a unified multiphase levelset segmentation and inhomogeneity correction method, and demonstrated the superior performance of this method over the currently used MR-AC map in a mMR PET/MRI scanner.
The remarkable improvements in the segmentation of air cavities and bone and the quantitative accuracy of PET measurement using the level-set method were shown in both the [ The major upgrade of mMR software from VB18P to VB20P seems to be effective in the elimination of misclassification of CSF in ventricles as air and the correction of bone underestimation shown in previous reports (33) (34) (35) . The percent error of MR-AC mMR in SUV and SUVr quantification relative to CT-AC was reduced approximately by half, although we could not confirm this error reduction using the exact same dataset. However, the current VB20P version still yields air cavity and bone segmentation errors as shown in Figure 4B .
However, the MR-AC level offered improved segmentation results, leading to the reduction of PET quantification error by a factor of approximately three as shown in Figure 5 .(SUV error < 10% in MR-AC level and < 30% in MR-AC mMR with VB18P, and < 5% in MR-AC level and < 15% in MR-AC mMR with VB20P). The evaluation of attenuation maps using Dice coefficient confirmed the improvements in the MR-AC maps achieved by the level-set method ( Table 1) .
For VB20P UTE data sets, MR-AC level yielded the Dice coefficient for bone of 0.83 in cranial region while MR-AC mMR offered 0.74 in this study and 0.65 in other previous study (40) .
The results suggest that UTE MR-AC level provides more accurate PET quantification than Dixon-based AC methods that yielded around 10-20% errors in (33) and 5%-15% in (17) depending on brain regions (larger error in cortical regions). Recent advanced templatebased approach (17) and new approaches with R2* to HU conversion (41) and zero-echotime (42) show similar results to our approach and/or great potential for further improvement of MR-AC. The combination of our approach with those methods would be the interesting next step that we can take to improve the MR-AC in brain and potentially in whole-body PET/MRI studies. The advanced results using the level-set method can be attributed to the combined effects of various factors in this study. These factors include the inhomogeneity correction of UTE images incorporated into the level-set segmentation, which led to the more reliable segmentation results. The assorted boundary information provided by the multiphase levelset segmentations applied to both the UTE images were useful for determining the complex boundaries among different segments and trimming the segmentation results through morphological operations on the binary images.
Although MR-AC level yielded almost equivalent SUV quantification results to CT-AC in most brain regions, the errors in cerebellum and occipital cortex were larger than in other regions (Figs. 5A and 6A) . The errors in these most common reference regions in brain PET studies resulted in positive biases in BR and SUVr estimations (Figs. 5B and 6B, Supplemental Figs. 
and 6).
It is most likely that the errors in these posterior and inferior brain regions are related to the misclassification of fat tissues in the neck as bone. This misclassification, also observed in Figures 3C and 4C , is likely caused by the image intensity brightening at the periphery of UTE images mainly because of the inhomogeneous B1 field associated with multichannel phased array coils (39, 44) .
Thus, we expect to achieve more accurate UTE segmentation and MR-based attenuation correction through the further optimization of UTE sequences (i.e., the reduction of offresonance effects, robustness enhancement of non-Cartesian data acquisition, and saturation of fat tissues) (45) .
CONCLUSION
We have developed an UTE MR-AC method using level-set segmentation with inhomogeneity correction for brain PET/MRI studies, and demonstrated the feasibility of this method in brain PET/MRI studies with [ Initial bone map generated by applying a threshold to the difference image between UTE1 and UTE2 was further trimmed to yield the final bone map by masking it with soft tissue map and an additional mask. The MR-AC level map was then generated by assigning the attenuation coefficients to the soft tissue, bone, and air maps and combining them. 
